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ABSTRACT 
The expanding penetration of computational technologies into the studio-based 
education has provided new possibilities to improve learning in long-standing 
traditionally material-centered fields like sculpture. The current paper examines the 
application of digital twin technology as a facilitating model of hybrid physical-digital 
sculptural pedagogy. The concept of a digital twin-powered sculpture studio is 
envisioned as a closed-loop system connecting the actual making conditions with the 
virtual simulation in real-time and the feedback directed towards learners. The suggested 
framework combines sensing infrastructure, physics-based and parametric simulation, 
the analytics which is supported by the artificial intelligence and the interactive 
visualization interfaces to facilitate the iterative exploration, predictive reasoning, and 
reflective practice. It describes a modular system architecture, which is the interaction 
between physical studio components, digital twin computation and learning analytics 
layers. The pedagogical assimilation of the system holds major sculptural learning goals 
of material learning, structural reasoning, and creative problem solving to measurable 
assurance measures. The viability and didactic value of the method has been shown in a 
case study carried out in an undergraduate sculpture studio. The empirical results show 
that students using the digital twin did more virtual cycles before they started doing 
physical ones, which led to a decrease in physical rework, smaller prediction-execution 
gap, better resource use in materials, and high-quality sculptural work. The results 
indicate that digital twins can be used to supplement, and not substitute embodied 
sculptural practice, by visualizing the otherwise invisible phenomena and enabling 
evidence-based creative design decisions. The research will add a validated theoretical 
framework, a system architecture to be implemented and empirical evidence of the 
pedagogical usefulness of digital twins in creative education. Potential further 
implications involve immersive visualization and AI-assisted personalization and inter-
domain interdisciplinary implementation in the field of studio-based learning. 
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1. INTRODUCTION 

The accelerated adoption of digital technologies in creative learning has dramatically transformed the studio-based 
educational environment, especially in those fields where people usually interact with material and practice. The field of 
sculpture is taught through a combination of tactile inquiry, spatial thinking, and making, and is becoming ever more 
shaped by the use of computational technology of parametric modeling and digital fabrication and artificial intelligence 
Jover and Sempere (2025). It is in the context of this changing environment that the digital twin technology has presented 
itself as a prospective paradigm of improving learning through the production of dynamic virtual versions of physical 
studios, tools, materials, and creative processes. Digital twins were originally created to help with the optimization of 
engineering and industry, but they are currently becoming more applicable in educational settings where complicated 
interactions between physical and mental processes should be clarified and improved Dayoub et al. (2024). Traditional 
sculpture studios are limited in a number of pedagogical and operational ways. Cost of materials, safety considerations, 
permanent fabrication mistakes and limited access to the studio facilities tend to constrain the amount of 
experimentation that the learners can do. Additionally, most important phenomena like internal stress distribution, 
balance behaviour or material deformation are mostly not visible in physical making and conceptual comprehension is 
therefore reliant on long-term experience Buhalis et al. (2023). Such difficulties are also intensified in modern sculpture 
education, which is becoming more computational, fabricative at scale, and interdisciplinary in its team work. This has 
led to an increased desire to have learning environments that encourage experimentation, visualization and reflection 
without deeming the embodied practice of sculpture. 

 Figure 1 

 
Figure 1 Digital Twin–Based Closed-Loop Framework for Sculpture Studio Learning 

 
Fig. 1 shows the conceptual architecture of the proposed state-of-the-art sculpture studio based on digital twins. 

The structural architecture consists of three closely bound layers: physical studio layer, digital twin layer as well as the 
learner interaction and feedback layer Cruz Franco et al. (2022). The physical studio includes the conventional sculptural 
tools, materials, fabrication tools, and space arrangement supplemented with sensing technologies that include 3D 
scanners, motion capture systems, and material/environment sensors as shown in Figure 1. These elements keep on 
producing information about the development of sculptural forms, use of tools, and behavior of materials. This 
information is sent to the digital twin layer where it keeps a high-fidelity virtual copy of the studio surroundings as well 
as the form of the sculpture that is changing Wu et al. (2024). In contrast to statical models in digital form, the digital 
twin is connected with the real studio and can be updated in real-time and explore the scenarios. The interaction and 
feedback layer is the part of a digital twin that can be accessed by the learner via interactive interfaces, like the 
workstations, tablets, or immersive AR/VR systems. The students play with the sculptural parameters, visualize the 
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obscure physical processes and experiment with alternative design approaches in the virtual world. Feedbacks provided 
by interaction information and system analytics can be used to support reflective learning, teacher instruction and 
adaptive pedagogical interventions Hashash et al. (2022). This feedback is recapitulated in the digital and physical layers 
to create a closed-loop learning system, which improves experimentation, comprehension, and creative decision-making. 
 
2. CONCEPTUAL FRAMEWORK OF A DIGITAL TWIN–ENABLED SCULPTURE STUDIO 

The idea behind a digital twin-based sculpture studio is rooted in the fusion of the physical making space with smart 
virtual space to facilitate experiential, reflective, and information-based learning. In contrast to the traditional digital 
modeling tools, which do not require a physical practice, a digital twin creates an unprecedented, two-way 
communication between the real studio and the virtual one Jagatheesaperumal et al. (2023). According to this 
framework, the digital twin is not just a visualization tool, but a proactive pedagogical interlude, which connects action 
on the material, computational analysis and cognition of a learner in a closed-loop system. The physical sculpture studio 
is the basis of the structure which includes traditional tools, raw materials, fabrication equipment, spatial arrangements, 
and environmental conditions. Sculptural practices practiced in this area include carving, assembling, casting, or hybrid 
digital fabrication, which create rich streams of data by means of sensing, such as 3D scanners, motion tracking, 
force/vibration sensors and environmental monitors Niccolucci and Felicetti (2025). These data streams are able to 
record the changing geometry of the sculpture and the contextual issues that impact artistic and structural performance. 
Physical making thus is not just in the proposed framework a manifestation of expressiveness, but can also serve as a 
generator of quantifiable learning responses Zhang et al. (2024). 

 Figure 2 

 
Figure 2 Integrating Physical Sculptural Practice, Digital Twin Simulation, And Adaptive Learner Feedback. 

 
The main part of the framework is the layer of the digital twin. It has a synchronized virtual representation of the 

sculpture, tools and the studio context by combining geometric models, parametric definition as well as physics based 
simulations. This layer allows the learner to experiment with what-if conditions, like changing proportions, 
redistributing mass or changing material parameters, without the physical hazard or expense of doing so Luther et al. 
(2023). Notably, the digital twin assists predictive reasoning by visualizing previously invisible phenomena as shown in 
Figure 2, such as internal stress, the balance steadiness or deformation predispositions. The virtual model has been 
developed by real time synchronization that the physical artifact develops and the creative process remains authentic 
and the depth of analysis is broadened. The learner interaction and feedback layer interfaces the digital twin and gives 
the learner access to it using either desktop interfaces, tablets, or immersive AR/VR systems. In this layer, learners will 

https://www.granthaalayahpublication.org/Arts-Journal/index.php/ShodhKosh


Digital Twins in Sculpture Studios: Enhancing Learning 
 

ShodhKosh: Journal of Visual and Performing Arts 120 
 

control the parameters of the sculptures, examine the results of simulations, and compare the virtual results with the 
physical ones Vilalta-Perdomo et al. (2022). The system has learning analytics that detect patterns of interaction, the 
frequency of the iterations and the pathways of the decision made, which allow instructors or AI-driven feedback 
systems to provide adaptive guidance. This feedback is reintroduced in the digital twin and the physical studio process 
to form the learning loop Wang et al. (2024). 
 
3. SYSTEM ARCHITECTURE AND IMPLEMENTATION 

The proposed digital twin-enabled sculpture studio has a system architecture that is developed to fulfill real-time 
synchronization among the physical practice of sculpture, virtual simulation, and learner-centered feedback. The 
architecture is a modular and scaled architecture comprising of hardware sensing, digital modeling and simulation core 
and interactive learning interfaces. Such a composite design will make sure that the physical studio work is faithfully 
represented in the digital space and allow predictive analysis and adaptive pedagogical assistance. Sensing and capture 
technologies have been deployed at the physical layer in the sculpture studio to track the artifact development and 
contextual factors Adel (2023). These consist of 3D scanners to acquire geometric, motion and force sensors to trace the 
interaction between the tool and the material, and environmental sensors to monitor the environment parameters 
(temperature, humidity and vibration). Fabrication tools of various types, including manual tools or additive 
manufacturing systems and CNC, are a source of data as well as a medium of creation. The information produced at this 
layer is time stamped and is preprocessed and consistent before being relayed to the digital twin Greco et al. (2020). 

 Figure 3 

 
Figure 3 Digital Twin Sculpture Studio Architecture 

 
The computational core of digital twin is the main part of the system. It incorporates 3D geometric representations 

and parametric as well as physics-based simulation engines that can be used to assess structural stability, equipoise, 
deformation, and material behavior as seen in Figure 3. The sculptural characteristics, including scale, mass distribution, 
and curvature can be modified in a dynamic manner using parametric controls, where simulation modules are used to 
anticipate the effects of these modifications before physical implementation Pepe et al. (2020). The twin is also expanded 
with more AI-based analytics modules that process patterns in the behavior of learners, detect anomalies in the process 
of fabrication, and produce performance indicators of interest to the learning outcomes. Real-time synchronization 
schemes, make sure that all updates made in the physical studio are automatically making the virtual model better and 
that the correct decisions made virtually can be converted back into physical actions. The interaction and visualization 
layer will give communication with the digital twin to the desktop workstations, tablets, or immersive AR/VR interfaces. 
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These interfaces enable learners to test the results of simulations, make comparisons between the virtual prediction and 
the physical results and refine their sculptures designs in cycles Ramos Sánchez et al. (2022). The interaction records 
and metrics of the systems are logged to assist in learning analytics and teacher monitoring. Feedback created at this 
level by automated recommendation or instructor may be reprocessed into the digital twin, and where necessary, used 
to modify the physical studio workflow. 
 
4. LEARNING METHODOLOGY AND PEDAGOGICAL INTEGRATION 

The digital twin-enabled sculpture studio is based on the learning methodology that aims to align the elements of 
the system with well-defined learning outcomes as well as allow the formative and summative evaluation of the learning 
process in the context of the studio-based pedagogue. The methodology combines the aspects of the experiential 
learning, reflective practice, and data-informed instruction by embedding digital twin technologies into the learning 
workflow in the form of the interrelation between the physical studio, the core of the digital twin, and the mechanisms 
of feedback to the learners. At the initial level, embodied learning is supported at the physical sculpture studio via the 
physical interaction with tools, materials, and fabrication equipment. This tier deals with fundamental learning goals 
regarding the material knowledge, spatial skills, and skills of interaction between tools and materials. The information 
obtained through sensors and 3D scanners allows the learner to view how the sculptural shape changes over the years, 
supporting the understanding of the process and understanding the evolution of the design. Such physical activities will 
be at the core of learning at the same time as conceptual clarity is improved by their digital augmentation. The core of 
the digital twin is a crucial pedagogical concept that allows associating physical activities with computational predictive 
models. With the aid of 3D simulation, parametric controls, and physics based analysis, learners are able to experiment 
with other sculptural structures and predict the structural behavior before they are physically realized. This ability 
provides greater learning goals like analytical skills, design validation and creative problem-solving. The AI-based 
analytics are another extension of the role of the digital twin to detect the patterns of how learners interact and how 
effectively the process is run, contributing to metacognition and continual enhancement. 
Table 1 

Table 1 Mapping of Digital Twin System Components to Learning Objectives and Assessment Metrics 

System Component Pedagogical Function Learning Objectives Addressed Assessment Metrics 
Physical Sculpture Studio Embodied making and material 

engagement 
Material understanding; spatial 

reasoning 
Artifact quality; structural 

stability 
Sensors & 3D Scanners Capture geometric and process data Process comprehension; form 

awareness 
Geometry deviation; 

consistency 
Digital Twin Core Predictive exploration and analysis Structural reasoning; design 

validation 
Simulation–execution 

alignment 
Parametric Controls Iterative design exploration Creative problem-solving Iteration count; exploration 

depth 
AI Analytics Module Behavior and process analysis Metacognitive awareness Error reduction rate 

Visualization Interfaces Interactive comparison and review Visual–spatial cognition Time-on-task; interaction 
frequency 

Learning Analytics & Feedback 
Engine 

Adaptive guidance and reflection Self-regulated learning Feedback uptake; reflection 
logs 

Instructor Dashboard Formative monitoring Guided progression Intervention frequency 

 
Visualization and interaction interfaces, such as desktop and immersive AR/VR, are used to help learners become 

engaged. These interfaces allow making comparisons between predicted results in the simulation and the real results in 
the physical world so as to encourage visual-spatial cognition and reflective learning. Logs of interaction and system 
analytics are inputted into an engine of learning analytics and feedback that offers adaptive feedback to the learners and 
actionable insights to the instructors. This process will allow formative assessment in time and apply self-regulated 
learning without interfering with studio practice. The correspondence of the system components, learning objectives, 
and assessment strategies has been summarized in Table 1 that shows how each technological component facilitates 
pedagogical objectives and quantifiable learning outcomes. Outcome-based measurement of sculptural artifacts based 
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on expert rubrics is a complement or supplement to process-oriented measures of assessment like iteration depth, 
prediction accuracy, and quality of reflection. Such a combined method of assessment maintains the qualitative richness 
of the studio assessment approach and brings quantitative rigor. 

 
5. CASE STUDY: DIGITAL TWIN DEPLOYMENT IN A SCULPTURE STUDIO 

The given section is a case study exemplifying the application of the given digital twin-based sculpture studio in real 
life and its effect on the learning outcomes. The study was done in an undergraduate sculpture unit on form and 
structural exploration to prove the given framework in relation to its pedagogical efficiency, involvement of learners and 
its studio practicability. The atelier integrated both conventional sculptural materials and equipment with computerized 
resources of fabrication and sensing infrastructures, such as 3D scanners, motion sensors. The processing of the data 
was done on an edge device and the digital twin which consisted of the geometric models, the parametric controls and 
physics-based simulations ran on a specific compute node. Students used the system through the desktop workstations, 
and optional AR visualization was used to analyze space. One of the tasks required the students to design and make a 
free standing sculpture with a restriction in terms of balance, material used and steadiness. The workflow was iterative 
with the first step being physical prototyping with a synchronized data capture and the subsequent step being virtual 
simulation and parametric refinement via the digital twin. The simulation provided insights that would be used to make 
physical adjustments and create a continuous virtual-physical feedback loop. 
Table 2 

Table 2 Sample Case Study Data from Digital Twin–Enabled Sculpture Studio 

Student 
ID 

Number of Virtual 
Iterations 

Physical Rework 
Attempts 

Prediction–Execution 
Deviation (%) 

Material Waste 
Reduction (%) 

Final Artifact Score 
(0–10) 

S1 7 2 6.5 28 8.6 
S2 5 3 9.2 22 7.9 
S3 9 1 4.8 35 9.1 
S4 6 2 7.1 26 8.4 
S5 8 1 5.3 32 9 

 
Table 2, summarize the exemplary data of the deployment of the digital twin sculpture studio. Multiple virtual 

replications were done to physical fabrication resulting in less rework attempts and less deviation of the predicted and 
actual forms. Reduced material waste and higher final artifact scores assert that decisions suing simulation resulted in 
increased structural accuracy and quality of the sculpture. Interactions between learners and the digital twin were also 
logged with the metrics of iteration count, simulation frequency, and deviation between prediction and realisation being 
recorded. Dashboard analytics were applied by instructors to monitor the progress and step in when structural problems 
were observed repeatedly or exploration was limited. In qualitative observation it was observed that there was more 
systematic experimentation than traditional studios that students tried various virtual alternatives before executing 
material. The evaluation of final artifacts by experts working on the structural integrity, conceptual correctness, and 
craftsmanship and process-oriented measures were combined. Students were less wasteful of materials and fewer errors 
were made in fabrication than their predecessors. Reflections also indicated that there was better insight in the balance, 
load distribution, and material behavior. Generally, the case study has validated the technical and pedagogical usefulness 
of digital twins in sculpture education, as they are useful in learning more and working in the studio more effectively. 
 
6. DISCUSSION 

The results of the case study prove that a digital twin can be successfully implemented into a sculpture studio, and 
it might actually improve learning activities and creative results. The reduction in physical rework activities, less 
prediction-execution deviation, and better quality of the artifacts are observed, which altogether indicate that 
simulation-driven decision-making can assist in the efficient and reflective sculptural practice. These findings are 
consistent with the larger body of the educational literature that underlines the importance of the experiential learning 
environment with enhanced by real-time feedback and computational visualization. Pedagogically, the greater number 
of virtual reiterations before actual performance signifies the move towards intentional experimentation, one of the 
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principal attributes of quality studio learning. The digital twin will help lower the cognitive and material cost of trial and 
error by allowing learners to experiment by hypothesis testing online to explore the form, balance, and material behavior 
more in-depth. The result is consistent with the previous research in design and Tiwari et al. (2025) engineering 
education where digital twins and simulation software have been provided to stimulate analytical thinking and iterative 
improvement without reducing hands-on interactions. 

 Figure 4 

 
Figure 4 Relationship Between Virtual Design Iterations and Physical Rework Attempts. 

 
The fact that prediction-execution deviation between the participants was relatively small implies that the digital 

twin was highly fidel to physical sculptural processes. Such technical robustness is essential to the adoption of 
simulations in education, where poor simulation may damage the confidence of learners in the results and also 
compromise the teaching worth. The findings substantiate the current study on physics-based modeling and parametric 
systems as shown in Figure 4 which highlights that transparent and explainable simulations do not replace the creative 
intuition but augment the conceptual knowledge. This trade-off between calculative precision and aesthetic 
expressiveness is especially important as far as sculpture education is concerned. 

 Figure 5 

 
Figure 5 Prediction–Execution Deviation Observed Across Learners Using the Digital Twin System. 
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The decrease in the amount of material wastes moving into the final artifact and a positive correlation with the 
quality of the latter reflect the sustainability concerns of the digital twins-supported studios. The existing literature on 
digital fabrication and sustainable design education emphasizes the need to keep the number of resources to a minimum 
and keep the standards of creativity as shown in Figure 5. The case study implies that digital twins can put these 
principles into operation by making the learners oriented towards informed material use, which would ultimately make 
the creative pedagogy aligned with the sustainability concerns that are becoming more and more relevant in the modern 
art and design education. 

 Figure 6 

 
Figure 6 Material Waste Reduction and Final Artifact Quality Scores in the Case Study Cohort 

 
Even though these positive results were achieved, the results should be interpreted in the view of some limitations. 

The test sample was relatively small and the implementation was in a controlled studio setting. Also, the level of 
engagement could have been affected by the familiarity of the learner with digital tools as shown in Figure 6. The future 
research should hence focus on longitudinal adoption in different institutional contexts and to understand the impact of 
different degrees of technical proficiency on learning pathways. 
 
7. LIMITATIONS 

Although the outcomes the digital twin-powered sculpture studio proved to be encouraging, there are a few 
limitations that are to be considered. One, a relatively small cohort conducted in a controlled studio setting was used to 
conduct the case study, which can restrict the extrapolation of the results to a wide range of institutional settings and 
population of learners. The variations in studio infrastructure, style of teaching and access to digital resources may affect 
the adoption as well as the outcome of learning. 

Second, digital twin framework effectiveness is partially reliant on sensing and simulation components reliability 
and accuracy. False data acquisition, synchronization lag or simplified material models can impact on the prediction 
fidelity and trust in the system by learners. Although the existing use proved the reasonable correspondence of the 
virtual and the physical results, there is still a necessity of improving it to fit a greater variety of materials and sculpture 
techniques. 

Third, all participants were not familiar with digital tools, which could present engagement and performance 
differences. Despite the system being designed to help the novice users due to intuitive interfaces and feedback, it still 
has an initial learning curve that requires attention at the expense of creative exploration in the short run. Lastly, the 
research paid much attention to short-term learning performance; the long-term effects on artistic growth, originality of 
creativity, and studio culture should be examined in more detail. 
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8. CONCLUSION 

The study presents the idea of digital twins as a novel paradigm of enhancing the learning process in the studio in 
the field of art education. The suggested methodology will be based on the old paradigm of sculptural pedagogy with the 
addition of real-time data capture, virtual simulation, and feedback that could be offered to the learner without 
interrupting the process of interacting with the material and the degree to which the creative expression could take 
place. The digital twins are proved to be not only the means of visualisation, but the intermediaries of the pedagogy 
between embodied making and the wisdom of the computer. The article contributes a conceptual model of closed loop, 
a system architecture implementation and empirical research of a case study in a studio. The evidence leans towards the 
fact that workflows driven by digital twins reduce corporeal rework, make congruency in prediction execution, material 
intensity, facilitative reflective learning. These findings reveal how digital twins may promote deeper conceptual 
understanding, learners agency and long term studio activities. The proposed structure can be applied to other non-
sculpture training hybrid pedagogies of architecture, design and performative arts. The implementation of immersive 
interfaces, AI-assisted personalization and robotic generation will be probable to increase digital twin empowered 
creative learning settings in the future.  
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